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function of lithological differences. P-T analysis of the metamorphic paragene-
ses indicates initial sharp decompression after peak metamorphism and jump
uplift with unroofing of ca. 9-10 km of the crust in the Belomorian Belt previ-
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INTRODUCTION

The Belomorian Belt along the south-western
shore of the White Sea (Fig. 1) is one of the prin-
cipal crustal units in the Archaean, eastern part of
the Baltic (Fennoscandian) Shield. It is structur-
ally complex and has undergone repeated meta-
morphism, the different mineral associations over-
printing each other. Largely because of this com-
plexity, the Belomorian Belt has long been regard-
ed as the ancient core of the Archaean domain.

A completely different interpretation, howev-
er, was proposed by Gaál and Gorbatschev in
1987. These authors see the Belomorian as a mo-
bile belt which in the Neoarchaean had collided
with the Karelian protocraton and in late Palaeo-
proterozoic times had been compressed between
that protocraton and the Archaean terranes of the
Kola Peninsula. Subsequent work confirmed the
validity of this reinterpretation.

The present study focuses on the late Palaeo-
proterozoic development of the Belomorian Belt.
The U-Pb age of brilliant-looking zircons in a de-
formed and metamorphosed mafic dyke is as-
sumed to date approximately the peak of late Pa-
laeoproterozoic metamorphism, and provide a ref-
erence point which cannot be obtained from the
surrounding high-grade Archaean country rocks
where zircons are complex and separate grains of
relevant age could not be detected. The dated dyke
also makes it possible to distinguish between early
and late stages of deformation and metamorphism.

In addition, U-Pb dating of titanite and rutile
opens a way to assess the final stages of the late
Palaeoproterozoic metamorphic evolution. In that
regard there is a close relationship between the
present paper and the titanite – rutile datings re-
cently published by Bibikova et al. (2001). How-
ever, while the latter study aimed at regional,
large-scale investigation of the Belomorian Belt

Fig. 1. Sketch map of the Kovdozero-Tolstik area in the northern part of the Belomorian Belt (modified after
Balagansky et al. 1986, Stepanov & Slabunov 1989, Miller & Milkevich 1995). The Lyagkomina Dam area (Fig 2)
is shown as a rectangle.
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and its south-western, Karelian foreland, the
present project concentrates on an area of limited
size (Fig. 1), where a range of lithologies can be
compared.

REGIONAL SETTING: EVOLUTION OF
THE BELOMORIAN BELT

The Belomorian Belt was formed in the Neoarchae-
an after ca. 2.9 Ga, apparently outboard the Kare-
lian protocraton to which it was accreted ca. 2.7 Ga
ago (Bibikova et al. 1993 and 1996, Bogdanova &
Bibikova 1993, Miller & Mil’kevich 1995). The
accretion is considered to have involved subduc-
tion beneath the protocraton as well as thrusting of
the Belomorian rocks to the west. The one-time
thrust planes, like the one along Lake Seryak (Fig.
1), are still among the most conspicuous mega-fea-
tures of the Belomorian Belt.

The lithologies formed during the early devel-
opment stages of the belt comprise the Chupa and
Khetolambina rocks, terms which originally were
used in a stratigraphic sense. The Chupa rocks are
aluminous gneisses with greywacke and pelite pro-
toliths. The Khetolambina rocks, in contrast, are
principally basaltic to andesitic amphibolites. Both
these supracrustal lithologies have been intruded
by plutonic rocks of the TTG (tonalite-trond-
hjemite-granodiorite) association. Neoarchaean
metamorphism featured a complicated sequence of
events but, in brief, it involved a granulitic phase
at moderately high pressures, succeeded by retro-
gression until ca. 2.6 Ga.

In the late Palaeoproterozoic, the Belomorian
Belt was once more involved in orogenic process-
es, now during the Lapland-Kola orogeny at ca. 1.9-
1.8 Ga (e.g. Bridgwater et al. 1992). That orogeny
included continent collision between the Archae-
an terranes of the Kola Peninsula and the combined
Karelian-Belomorian protocraton which had been
developed in the Neoarchaean. The Belomorian
Belt became involved in thrusting, was thickened,
and finally subjected to folding and regional meta-
morphism. Its Neoarchaean suture boundary to-
wards the Karelian crustal domain continued to act
as a discontinuity and therefore became the site of

particularly intense and long-lived hydrothermal
and pegmatite-generating igneous activity with the
youngest U-Pb titanite ages in the whole Belomo-
rian region (Bibikova et al. 2001).

In the present context, it is of interest to note
that during the late Palaeoproterozoic the titanite
ages were completely reset and new rutile crys-
tallized in the Belomorian Belt but not in the
former cratonic nucleus in Karelia (Bibikova et al.
2001). In our recent U-Pb zircon studies of the
Belomorian gneisses we have found a number of
cases where discordant U-Pb zircon data point at
lower concordia-discordia intercepts of roughly
1.9-1.8 Ga (Bibikova et al. 1996). On the other
hand, zircon newly formed during that time span
appears to be rare, and independent new crystals
are few if present at all.

The time between the two orogenies comprised
an early stage of rifting. Then followed bimodal
plutonic igneous activity with a dominant mafic
mode and associated 2.45 – 2.35 Ga high- to me-
dium-grade metamorphism together with shearing
and folding in the lower crust (Bogdanova &
Bibikova 1993; Bridgwater et al. 1994, Bogdanova
1996, and references in these articles).

GEOLOGY OF THE LYAGKOMINA AND
TUPAYA BAY LOCALITIES

All the three principal Neoarchaean lithologies of
the Belomorian Belt are exposed in the Lyagkomi-
na Dam area by Lake Kovdozero (Fig. 2). In the
north-west, almost monomineralic amphibolites
associate with diopside-clinozoisite- and garnet-
dominated gneisses which belong to the Khe-
tolambina complex of ultramafic and mafic met-
amorphosed volcanics and intrusions. In the south-
east, garnet-biotite-kyanite-muscovite-bearing
Chupa gneisses border on foliated TTG-type plu-
tonic rocks.

Three main stages of deformation can be dis-
tinguished in the area (Fig. 2). In the Neoarchae-
an, ductile overthrusting of Khetolambina amphi-
bolites and mafic gneisses over the Chupa-type
aluminous gneisses and some small-scale recum-
bent folding occurred. Thereafter followed an as-
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sumedly early Palaeoproterozoic stage when the
Neoarchaean supracrustal rocks together with the
TTG-type intrusions were deformed into major,
moderately inclined, close folds with NW-trend-
ing axes. We associate this stage of folding with
the one that appears to be related to shearing, high-
grade metamorphism and bimodal gabbroic-gra-
nitic igneous activity at 2.5-2.4 Ga in the Tolstik
area by the White Sea (Fig. 1, cf. Bogdanova &
Bibikova 1993, Bridgwater et al. 1994, Bogdanova
1996, Lobach-Zhuchenko et al. 1998, Claesson et
al. in preparation).

The metamorphosed dykes, one of which has
been investigated and dated in the present study
(locality 91014 in Fig. 2), appear to separate that
stage of deformation from a late Palaeoproterozoic
one at a time when preexisting folds were flattened
and folding of the dyke into small recumbent folds
occurred. Subsequently followed boudinaging as
well as migmatitic and pegmatitic veining in the
enclosing aluminous gneisses. The dyke itself,
however, is only weakly affected along its con-
tacts with the host rocks.

Because of suspected disequilibrium among the

minerals of the metamorphic assemblages, it has
been diffucult to assign specific P-T values to the
late Neoarchaean evolution. We estimate, howev-
er, that the garnet ± kyanite ± biotite + plagiocla-
se + quartz assemblage in the Chupa gneisses
(Bibikova et al. 1993) had reached temperatures
of 750-800°C at pressures of 10-12 kbar during
the peak phase. A plausible hypothesis is that this
occurred in association with the intrusion of ca.
2.73-Ga diorites along thrusts. Later, a retrograde
amphibolitic stage was completed presumably by
ca. 2.6 Ga. However, similar metamorphism has
also been encountered among 2.45-2.40 Ga ma-
fic intrusions in the Tolstik Peninsula (Fig. 1, cf.
Bogdanova 1996 and references therein). A final
phase of low-grade retrogression took place dur-
ing uplift (cf. Miller et al. 1995, Skiöld et al. 1997)
from about 1.9 Ga ago.

The Tupaya Bay locality (SE of Lyagkomina in
Fig. 1) allows a relatively better documentation of
several stages of Neoarchaean metamorphism
which here reached conditions of 800°C at 10 kbar
(cf. Balagansky et al. 1986, Bogdanova & Bibik-
ova 1993, Lobach-Zhuchenko et al. 1993). The
2.45-Ga granitic intrusions of this locality were
also deformed, and this late development of am-
phibolite-facies mineral assemblages tentatively
corresponds to the stage of dyke intrusions and
subsequent metamorphism at Lyagkomina.

ISOTOPIC WORK

The investigated rocks

Titanites and rutiles from the Neoarchaean rocks
of the Lyagkomina Dam locality (91011 to 13 in
Fig. 2) and from Tupaya Bay were separated to
be investigated isotopically. Previously, zircons
from the same rocks had yielded U-Pb ages in
excess of 2.72 Ga (Bibikova et al. 1996).

Lyagkomina sample 91011 is a heterogeneous
migmatite that has been formed from Chupa-type
aluminous gneisses. It contains coarse-grained,
white or slightly yellowish pegmatitoid veins and
quartz-feldspar segregations. The migmatitic mat-
rix contains small lenticular slivers of metasedimen-
tary protolith separated by zones of quartz- and

Fig. 2. Geological map of the Lyagkomina Dam locali-
ty, based on mapping by S.B. in 1987. Points 91011–
91014 indicate localities sampled for isotope analysis.
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muscovite-bearing foliated rock. These zones trend
parallel to the migmatitic banding and were presum-
ably formed more or less simultaneously with the
pegmatitic veins. The gneiss contains kyanite, gar-
net, andesine, K-feldspar, biotite and quartz with
accessory zircon, apatite, titanite and rutile.

Samples 91012 and 91013 are from the central
and marginal parts, respectively, of a TTG-type
rock body at Lyagkomina. Sample 91012 repre-
sents a nebulitic migmatite with lenticular quartz
segregations, while light-reddish feldspar bands
occur in a darker bluish-grey plagioclase-rich pal-
aeosome in sample 91013. Micas accentuate the
foliation and there are also rare grains of red gar-
net. The rocks are migmatised tonalites to grano-
diorites, sometimes with preserved relics of rela-
tively coarse-grained subhedral andesine contain-
ing fine-grained inclusions of likewise subhedral
amphibole, biotite and quartz. The plagioclase is
deformed and partly recrystallized. Accessory ap-
atite and zircon ± magnetite appear to belong to
the igneous association and are often enclosed
within coarser-grained andesine. Rutile mostly
occurs as inclusions in the quartz crystals. Titan-
ite, biotite intergrown with muscovite, albite, and
fine-grained muscovite convey a banded charac-
ter to these rocks.

Apart from Neoarchaean supracrustal and plu-
tonic lithologies, the Lyagkomina locality also fea-
tures later mafic dyke intrusions. Sample 91014
is from such a dyke of approximately dioritic
chemical composition that has been intruded into
the local Chupa-type aluminous gneisses. In spite
of remains of igneous plagioclase, the present min-
eral set-up is wholly metamorphic, garnet and
hornblende being the most prominent dark pha-
ses, with some clinopyroxene similarly present.
The metamorphic mineral association also in-
cludes most of the zircons. While there is age evi-
dence that some zircon grains have been captured
from older rocks (cf. below), virtually none of
those analysed appear to have formed during the
igneous crystallization of the dyke. Additional par-
ticulars of chemistry and mineral composition are
given in the following sections on P-T work and
U-Pb data (see also Table 1).

Compared with the strong Palaeoproterozoic re-

working at Lyagkomina, the one at Tupaya Bay has
been relatively weak. In a previous study of the lat-
ter region, Bibikova et al. (1996) could date sever-
al Archaean igneous and metamorphic events us-
ing zircon U-Pb chronology. That paper and sev-
eral others (e.g. Bibikova et al. 1993, Bogdanova
& Bibikova 1993, Lobach-Zhuchenko et al. 1993)
in addition provide accounts of the Neoarchaean
and later lithologies now sampled from the Tupaya
Bay area. In the present study, titanites were dated
also from the ca. 2.45 Ga old potassic granites (cf.
Bibikova et al. 1993) close to Tupaya Bay (Fig. 1).

Methods

The chemical preparation of the mineral samples
selected for radiometric age determination followed
conventional isotope dilution methods originally
described by Krogh (1973 and 1982). The total Pb
blank for our small-scale zircon procedure was 7
to 15 picogram during the course of this project.
Additional steps involving treatment with bromic
acid increased the blank level of the titanites and
rutiles to 10-20 picogram. Isotopic data were ob-
tained in static mode on samples mixed with 205-
233-235 tracer using a Finnigan 261 spectrometer.
Data processing was carried out according to Lud-
wig (1991a and b), using the decay constants rec-
ommended by Steiger and Jäger (1977).

P-T WORK ON METAMORPHIC
MINERALS

The P-T conditions of the investigated mineral
associations in the metamorphosed Lyagkomina
amphibolitic dykes were assessed by employing
the Perchuk et al. (1985) garnet-amphibole ther-
mometer, the Kohn & Spear (1990) garnet-plagi-
oclase-amphibole barometers, and the Plusnina
(1982) amphibole-plagioclase thermobarometer.
The computer program "Geothermobarometry”,
coded by M. Kohn (Spear et al. 1991), was also
employed. Estimates of the P-T conditions for the
peak and retrograde stages of metamorphism were
obtained from core-core and rim-rim mineral re-
lationships, respectively.

12496Bulletin73 29.1.2002, 15:3163



64 Torbjörn Skiöld, Svetlana Bogdanova, Roland Gorbatschev and Elena Bibikova

  Peak assemblages
Mineral* grt 7 grt 11 grt 12 grt39 grt40 grt41 amph 22 amph23 amph25 amph63 pl31 pl32 pl53 grt

SiO2 37.66 38.5 37.9 38.11 38.02 38.15 43.66 43.1 43.41 43.16 55.09 55.17 53.19 37
Al2O3 21.73 21.86 21.75 21.69 21.7 22.21 14.53 15.23 15.2 15.13 28.73 28.43 28.8 21.6
FeO 21.23 21.43 21.85 21.91 21.94 22.38 13.49 13.64 14.03 13.53 0.17 0.15 0.08 21.6
MgO 4.81 5.06 4.66 4.66 4.72 4.82 11.26 11.04 10.91 10.94 0.03 0.01 0.07 4.5
CaO 11.72 11.57 11.51 11.62 11.71 11.35 11.91 12.11 12.14 12.18 10.56 10.17 11.11 12.0
Na2O 0 0.07 0.05 0 0.08 0.04 0.99 1.09 1.12 1.07 5.55 7.72 4.92 0.4
K2O 0.02 0.01 0.03 0.01 0 0.03 0.64 1.05 0.84 1.42 0.09 0.08 0.04 0.0
TiO2 0.7 0.05 0.02 0.04 0.05 0.02 0.93 0.93 0.94 1.14 0.03 0.02 0.03 0.0
MnO 1.32 1.2 1.53 1.53 1.42 1.46 0.25 0.24 0.22 0.14 0.01 0.03 0.01 1.4
Cr2O3 0.02 0.01 0.02 0.16 0.06 0.05 0.08 0.15 0.15 0.11 0.01 0.01 0.01 0.

Si 2.941 2.981 2.957 2.964 2.954 2.941 6.4 6.295 6.316 6.298 2.476 2.462 2.442 2.92
Al 2 1.994 2 1.988 1.987 2.018 2.51 2.622 2.606 2.601 1.522 1.495 1.558 1.97
Fe3 0.036 0.049 0.092 0.071 0.108 0.104 0 0 0 0 0 0 0 0.23
Fe2 1.351 1.339 1.334 1.355 1.317 1.339 1.654 1.666 1.707 1.651 0.006 0.006 0.003 1.16
Mg 0.56 0.584 0.541 0.54 0.546 0.553 2.461 2.404 2.367 2.379 0.002 0.001 0.005 0.52
Ca 0.981 0.96 0.962 0.968 0.975 0.937 1.87 1.895 1.892 1.903 0.509 0.486 0.547 0.99
Na 0 0.01 0.007 0.001 0.012 0.006 0.281 0.309 0.315 0.304 0.484 0.668 0.438 0.07
K 0.002 0.001 0.003 0.001 0 0.003 0.12 0.196 0.156 0.264 0.005 0.004 0.002 0.00
Ti 0.041 0.003 0.001 0.002 0.003 0.001 0.102 0.102 0.103 0.125 0.001 0.001 0.001 0.00
Mn 0.087 0.078 0.101 0.101 0.094 0.095 0.032 0.03 0.027 0.017 0 0.001 0.001 0.09
Cr 0.001 0.001 0.001 0.01 0.004 0.003 0.01 0.017 0.017 0.012 0 0 0 0.00
mg 29 30 29 29 29 29 60 59 58 59 25 15 61 3
Albite • • • • • • • • • • 48.5 57.7 44.4
Anorthite • • • • • • • • • • 51.0 42.0 55.4
Orthoclase • • • • • • • • • • 0.5 0.4 0.2

In contrast to the Neoarchaean, often nearly
ultramafic amphibolites in the region (cf. Stepanov
& Slabunov 1989), the Lyagkomina dykes are
more silicic, with SiO2-contents between 54.0 and
55.6% and Na2O+K2O contents between 1.84 and
3.18%. The mineral assemblages evidence a less
complex metamorphic history than that of the Ar-
chaean amphibolites. The igneous assemblage is
represented by relic subhedral plagioclase. Other-
wise, the rocks mainly compose garnet, horn-
blende, rare clinopyroxene, labradorite, biotite and
quartz. Zircon, allanite, apatite, opaques and ru-
tile are accessories. Small amounts of titanite are
also present. Scapolite, calcite, leucoxene and
chlorites are partly replacing plagioclase, horn-
blende and biotite.

RESULTS

Stages and P-T conditions of metamorphism

Microprobe analyses of minerals from the garnet-
amphibolitic mafic dyke at Lyagkomina (sample
91014) are reported in Table 1.

Two metamorphic mineral assemblages, which
were formed at somewhat different times, can be
distinguished. The early one is represented by rel-
atively coarser-grained subhedral garnet (Pyp17-
19Gros32-33Alm44-46Spes3-4), pargasitic horn-
blende (Altot2.5-2.7), biotite, plagioclase (An49-
54) and quartz (see Table 1). These minerals form
coarse intergrowths and define the nematoblastic
texture of the rock. This earlier assemblage yield-

Table 1. Representative microprobe analyses of metamorphic minerals from the Lyagkomina dyke.
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 Retrograde assemblages
pl53 grt13 grt14 grt43 grt61 grt70 amph47 amph 48 amph68 pl15 pl17 pl52

3.19 37.9 37.82 38.48 38.26 38.36 41.73 42.23 42.45 52.19 51.8 50.78
28.8 21.69 21.57 22.08 21.92 22.12 15.45 15.13 15.27 31.34 31.08 31.02
0.08 21.69 22.37 21.75 22.39 21.79 14.31 13.84 13.77 0.24 0.17 0.09
0.07 4.58 4.58 4.99 4.17 4.73 10.41 10.48 10.83 0.01 0.17 0.01
1.11 12.02 10.89 12.13 11.82 12.1 11.76 11.91 12.13 12.39 13.09 13.3
4.92 0.49 0.08 0.06 0.02 0.05 1.22 1.17 1.15 4.04 4.03 3.79
0.04 0.01 0.01 0.04 0.01 0 1.09 0.88 1.39 0.53 0.04 0.03
0.03 0.07 0.1 0.02 0.04 0.02 0.94 0.9 1.07 0.56 0.01 0.01
0.01 1.48 1.87 1.26 2.01 1.41 0.26 0.25 0.2 0.02 0.03 0.07
0.01 0.13 0.2 0.08 0.2 0.05 0.17 0.18 0.15 0.02 0.02 0.03

.442 2.925 2.954 2.948 2.964 2.95 6.209 6.281 6.238 2.34 2.342 2.327

.558 1.973 1.986 1.993 2.002 2.005 2.71 2.652 2.645 1.656 1.656 1.676
0 0.236 0.094 0.116 0.098 0.098 0 0 0 0 0 0

.003 1.164 1.367 1.278 1.451 1.304 1.781 1.722 1.693 0.009 0.006 0.003

.005 0.527 0.533 0.569 0.481 0.543 2.309 2.323 2.372 0.001 0.012 0.001

.547 0.993 0.912 0.995 0.981 0.997 1.875 1.898 1.909 0.595 0.634 0.653

.438 0.073 0.012 0.009 0.003 0.008 0.352 0.338 0.329 0.351 0.353 0.337

.002 0.001 0.001 0.004 0.002 0 0.207 0.167 0.261 0.03 0.002 0.002

.001 0.004 0.006 0.001 0.002 0.001 0.106 0.1 0.118 0.019 0 0

.001 0.096 0.124 0.082 0.132 0.092 0.033 0.032 0.025 0.001 0.001 0.003
0 0.008 0.012 0.005 0.010 0.003 0.02 0.021 0.017 0.001 0.001 0.001

61 31 28 31 25 29 56 57 58 10 65 19
44.4 • • • • • • • • 36.0 35.7 34.0
55.4 • • • • • • • • 60.9 64.0 65.8

0.2 • • • • • • • • 3.1 0.2 0.2

* grt – garnet, amph – amphibole, pl – plagioclase. All mineral calculations are made by MINTAB software.
The minerals were analysed with GEOL-JSM-6400 (Lund University) using natural standards and ZAF correc-
tion program.

ed a P-T estimate of 650±30°C at 8.5-9.5 kbar.
The apparently later metamorphic assemblage

is made up of light-coloured hornblende, which is
more edenitic and contains less Ti than the early
one, garnet (Pyp16-18Gros27-30Alm48-49Spes4-
6), labradorite (An60-66) and quartz. These min-
erals form intergrowths that surround and separate
early garnet from hornblende and biotite, a situa-
tion we believe to be related to a decompression-
al trend in the metamorphic evolution. This par-
ticular stage is estimated to have occurred at
630±20°C and 7-8 kbar.

The obtained difference between the two meta-
morphic stages, which represent roughly similar
temperatures at falling pressures, indicates near-
isothermal decompression and rapid uplift in a
collisional-type environment. The presently re-
corded metamorphic conditions in the dyke are

Fig. 3. Concordia diagram for zircons of sample 91014
from the Lyagkomina area. The discordia is based on the
four brilliant-type zircon analyses reported in Table 2.
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similar to those previously assessed for the late-
stage metamorphism which altered the aluminous
kyanite-biotite-muscovite Chupa gneisses at Lyag-
komina (Bibikova et al. 1993).

U-Pb isotopic data

All the U-Pb isotopic data and ages are presented
in Table 2, and those for the zircons are plotted
in a Concordia diagram in Figure 3. Figures 4 and

5 display photographs of minerals of the kind ana-
lysed, like some of those rejected.

Zircons.

The zircon crystals from the investigated mafic
dyke show only limited variability in morpholo-
gy and style of crystallization. Most of them are
transparent, short prismatic to isometric and have
well-developed euhedral shapes, often with a high

Fig. 4. Transmitted light photographs of the type of zircons and rutiles present in the rock samples. The central-
upper part exhibits some rejected and not analysed zircon crystals (ca. 90µm wide) with obvious cores. Abbrevi-
ations: lp=long prismatic; brill=brilliant type as in Table 2.
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lustre (lower left in Fig. 4). Clearly, these are not
common features among mafic-dyke zircons. A
minor proportion of the grains is elongated, long-
prismatic (upper left and centre of Fig. 4).

Some of the zircon analyses divert towards high-
er Pb/Pb ages (> 1900 Ma) than those of the trans-
parent crystals, which in turn delimit the concor-
dia-discordia upper-intercept age to 1875 ± 4 Ma
(at 95% confidence level and with a MSWD of 1.3).

Titanites.

In the present study, we have investigated titan-

ite crystals both from the Lyagkomina and Tupaya
Bay localities. The titanites have been separated
from rocks which according to previous studies
(Bibikova et al. 1996) and zircon ion-probe data
(Claesson et al. in preparation) are Archaean and
early Palaeoproterozoic in age. The analytical re-
sults, together with calculated 207Pb/206Pb ages, are
presented in Table 2. Like titanites in general, the
presently studied crystals (some examples are
shown in Fig. 5) have low concentrations of ura-
nium, leading to highly non-radiogenic Pb-isotopic
compositions. Still, all the titanites have concord-
ant to almost concordant compositions indicating
ages close to 1860 Ma.

Rutiles.

Rutile isotopic compositions and ages have been
studied from some of the Archaean rocks in the
study area. To judge from the high 206Pb/204Pb iso-
topic parameter, Pb in the rutiles is relatively ra-
diogenic. Uranium contents are low, however, and
it was a surprise to encounter concordant ages at
about 1750 Ma.

Comparison with previous titanite and rutile U-
Pb isotopic ages.

The titanite and rutile U-Pb ages of this study
compare well with the corresponding ages ob-
tained during the regional study of the Belomori-
an Belt by Bibikova et al. (2001). In that paper,
the titanite ages from the central part of the belt
range between 1.82 and 1.87 Ga, while our ages
have a range from 1.84 to 1.87 Ga. For rutile the
equivalent ranges are 1.75–1.81 and 1.74–1.78 Ga,
respectively. In the present data set we find no
systematic correlation between rutile ages and
rock lithologies or other rock characteristics.

DISCUSSION

Evidence from the P-T study

The obtained data constrain the timing of the P-T
and tectonic evolution of the crust in the Lyag-
komina area. We suggest that the 1875-Ma zircon

Fig. 5. Transmitted light photographs of the type of ti-
tanites analysed. Magnification as in Figure 4. Abbre-
viations correspond to those in Table 2.
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age dates peak metamorphism in the mafic dyke.
This took place close to 650°C at ca. 9 kbar (Fig.
6), but with the possibility that evidence of a still
slightly higher peak temperature had been lost by
element diffusion from the relatively small garnets
of the dyke rock.

The indicated peak P-T conditions correspond
to the earliest phase of recumbent folding of the
dyke and its host rocks in the lower crust at depths
of ca. 35 km. Since the peak-metamorphic min-
eral assemblage is well within the solidus field,
igneous crystallization of the dyke-rock melt had
apparently been completed at that time. During
that stage, new metamorphic zircon could grow
rather easily due to the decomposition of pyrox-
ene and other magmatic host minerals of zirconi-
um (see papers in Chemical Geology 117, 1994).

Rims of plagioclase around garnets, changes of
mineral compositions and the appearance of ana-
tectic veining in the dyke and its surroundings, all
indicate sudden decompression of the rocks and
jump uplift of the crust with unroofing of approx-
imately 9-10 km during the first stage of retrogres-
sion from peak conditions. This was an almost
adiabatic process with little cooling. The average
titanite age of ca. 1860 Ma, with the assumption
of a 650-700°C closure temperature of its U-Pb
isotopic system, may indicate that this initial stage
of the tectonothermal evolution lasted ca. 15 Ma

or even less. This corresponds to uplift rates of ca.
0.75 mm/year which appear to be a result of tec-
tonic erosion and/or collapse of the crust after its
thickening during the Lapland-Kola orogenic col-
lision (cf. e.g. Harley 1992).

The change from compressional to extensional
regime is supported by later refolding into open
folds and penetrative ductile shearing. This latter
structural development and cooling of the crust
can be reconstructed using P-T estimates for the
aluminous gneisses which host the analysed dyke
(Bibikova et al. 1993). They document a pro-
longed and slower tectonothermal evolution dur-
ing a 110-Ma period that is constrained by the ti-
tanite and rutile ages (Fig. 6). Such situations are
typical for the uplift of lower crust in most Prot-
erozoic high-grade terrains and imply thermal re-
laxation of the entire lithosphere to a steady-state
geothermal regime (cf. Harley 1992).

The equivalent 1.9–1.75 Ga crustal develop-
ment in the Tupaya Bay locality appears to have
occurred at a shallower level in the crust. Very
probably this difference was controlled by the
Neoarchaean prehistory of the Lake Kovdozero
region when the Lyagkomina rocks were buried
ca. 7 km deeper in the crust than those in the Tu-
paya Bay area (cf. Bibikova et al. 1993, Lobach-
Zhuchenko et al. 1993).

Fig. 6. P-T-t diagram showing the metamor-
phic evolution of the Lyagkomina garnet-am-
phibolitic dyke (black arrow) in comparison
with the Palaeoproterozoic P-T trend of the
host Archaean garnet-kyanite-biotite-musco-
vite gneisses (grey arrow). The dashed arrow
shows a possible further evolution of the crust
until rutile in the gneisses reached its closure
temperature. The striped field indicates the P-
T conditions of dehydration melting of amphi-
bolite (after Wyllie & Wolf 1993). The curves
are. 1. dry gabbro solidus (Wyllie et al. 1981);
2. H2O-saturated granite solidus (Huang &
Wyllie 1973); Muscovite-out dehydration
melting of muscovite (after Thompson 1990);
Biotite-out dehydration melting of biotite (Pat-
ino Douce & Beard 1995).
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Formation and age of the Lyagkomina mafic-
dyke zircons

Mafic magmas are low in silica, which commonly
prevents the igneous crystallization of zircon. Even
where there is free SiO2, zirconium (Zr) is common-
ly partitioned into pyroxenes and other dark min-
erals. In the presently investigated dyke, however,
zircons are abundant. They are transparent, highly
lustrous, and euhedral with only a limited number
of simple crystal facets. This suggests crystalliza-
tion during metamorphism rather than from melt.

During igneous crystallization of mafic rocks,
Zr mostly enters dark minerals, mainly pyroxenes
(Poldervaart, 1956) but also oxide opaques. If,
however, some Zr remains and free SiO2 is en-
riched in the residual melt, zircon forms late,
mostly as irregular and anhedral grains in the in-
terstitial spaces. These are very different from the
euhedral zircons found in the Lyagkomina dyke.

During metamorphism and the attendant decom-
position of igneous minerals, Zr is released from
pyroxene and opaques, while more SiO2 can rather
easily be introduced by circulating fluids. The
observed low contents of U in the mafic-dyke zir-
cons and their highly lustrous appearances indi-
cate a metamorphic origin at relatively high P-T
conditions (Bibikova 1984). The 1875±4 Ma age
determined from the high-quality zircons (Fig. 3)
is therefore taken to date an early, high-T stage.

The remaining, considerably less abundant, U-
richer mafic-dyke zircons have long-prismatic
shapes and yield higher 207Pb/206Pb ages of 1954
and 2022 Ma. Most probably, these grains include
xenocrysts which had been absorbed into the melt
from the country-rocks. Zircons of that appearance
are common in the nearby Neoarchaean tonalitic
gneisses where complex growth and/or Pb-loss
processes appear to have occurred. Assimilation
of zircon xenocrysts into various rock melts (e.g.
Pidgeon & Aftalion 1978, Pidgeon et al. 1996) has
been experimentally confirmed to reflect their high
melting temperatures (Watson & Harrison 1983).
These are reasons why zircon xenocrysts can sur-
vive long in Zr-saturated melts. They are common
in granitic rocks and can occasionally complicate
multi-grain U-Pb dating (cf. Eliasson & Schöberg

1991). Felsic rocks are of course most easily sat-
urated in Zr, but xenocrysts have even been de-
scribed from rapidly crystallized komatiites
(Compston et al. 1985).

Experimental studies on the preservation of zir-
con U-Pb isotopic systems during melting (e.g.
Bibikova et al. 1995) indicate that, although ra-
diogenic Pb is easily lost from metamict domains,
textures of crystalline zircon often remain unaf-
fected even during prolonged heating to temper-
atures in excess of 1000°C. It is plausible, how-
ever, that long-lasting elevated P-T conditions
cause resorption of zircon xenocrysts if fluids are
present, and that there is crystallization of new
overgrowths on zircon seeds or entirely new crys-
tals are formed (Skiöld 1986). We therefore con-
sider that the presently analysed zircon xenocrysts
may have preserved an isotopic memory of their
primary crystallization.

Cooling history as reflected by the ages of
zircon, titanite and rutile

Titanite growth and recrystallization can provide
age estimates for deformational events associat-
ed with tectonometamorphic processes (see Resor
et al. 1996, Getty & Gromet 1992). Similarly, ti-
tanite and less commonly rutile have been used in
geochronological studies for the determination of
cooling histories in metamorphic terrains. In ear-
ly studies (e.g. Mattison 1978, Tucker et al. 1987),
the closure temperatures of U and Pb isotopes in
titanite were considered to range between ca. 550
and 600°C. Later petrological-geochronological
experiments, however, indicated higher tempera-
tures of approximately 650°C (Mezger et al. 1991)
and in excess of 700°C (Scott & StOnge 1995,
Zhang & Schärer 1996, Pidgeon et al. 1996).

Diffusion parameters for Pb in variously-sized
titanites have been determined by Cherniak (1993)
using the diffusion equation of Dodson (1973).
Cherniak's calculations for 300-µm radius crystal-
line titanite in a rock with a cooling rate of 2°C/
Ma suggest a closing temperature just above 700°C.
In comparison, the closure temperature for rutile is
considerably lower. According to Mezger et al.
(1989) U-Pb diffusion from 90-200 µm rutiles with
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a cooling rate of 1°C/Ma closes at about 420°C.
From petrographic investigation we conclude

that the rutiles and titanites as well as the highly
lustrous dyke zircons from Lyagkomina are all
metamorphic. Although the titanites from both
Lyagkomina and Tupaya Bay are low in uranium,
which causes relatively large error, the data ob-
tained are mostly concordant at approximately
1860 Ma. This means that ca. 1860 Ma ago the
metamorphic temperature in the Lyagkomina-Tu-
paya Bay area passed titanite blocking conditions
at approximately 700°C. The rutile age estimates
are concordant at about 1750±10 Ma.

These observations and age determinations al-
low the estimation of cooling rates after peak met-
amorphism. The P-T measurements on mineral
pairs indicate a metamorphic peak close to 650 ±
30°C and ca. 9 kbar with possibly still higher
maximum temperatures. This compares well with
the experimental data preferring a closing temper-
ature of roughly 700°C for titanite. Assuming a
constant rate of cooling over the temperature in-
terval from 700-650 to 400°C between 1860 and
1750 Ma, a ratio of approximately 2.5°C/Ma is
obtained. However, cooling rates are more likely
to vary over such a wide range of temperatures,
being higher at the elevated temperatures that pre-
vail during the early stages of cooling.

The difference between the closure ages for
metamorphic zircon and titanite is not great but
quite obvious. The mafic-dyke zircons of the
Lyagkomina area are ca. 15 Ma older than the
metamorphic titanite ages from the 2.8-2.4 Ga
country rocks. Nevertheless, it is unlikely that this
age difference can be used to model cooling rates,
where e.g. cooling from 850 to 700°C in 15 Ma
would suggest ca. 10°C/Ma. The reason is that we
cannot anticipate or exclude that the highly lus-
trous zircons had grown after passing their block-
ing temperature in the environment prevailing in
the studied area. In the discussion above we rath-
er suggest that they crystallized from Zr released
during metamorphism from its original igneous
host minerals. Circulating metamorphic fluids
have most probably contributed in such a process.

SYNOPSIS AND CONCLUSIONS

Combined U-Pb isotopic and P-T studies of min-
erals and mineral associations in the northern part
of the Belomorian Belt have succeeded to assess
the metamorphic evolution of that region in the
late Palaeoproterozoic, in particular the time which
followed upon the stacking and thickening of the
Belomorian crust during the Lapland-Kola conti-
nental collision. The most important conclusions
of the present study are:
• Highly lustrous metamorphic zircons in a Pal-

aeoproterozoic mafic dyke now recrystallized
into garnet-amphibolite reflect a stage of late
Palaeoproterozoic metamorphism which peak-
ed at approximately 1875±4 Ma ago.

• Peak metamorphic conditions were in excess of
ca. 650°C at 8.5 to 9.5 kbar, whereas mineral
associations formed somewhat later indicate a
following stage at ca. 630°C and 7-8 kbar.
Metamorphism thus occurred at a maximum
depth of ca. 35 km.

• In conjunction with the new isotopic ages, the
obtained P-T data indicates a relatively short-
lived stage of initially rapid, almost adiabatic
decompression. This suggests sudden jump
uplift of previously thickened crust and unroof-
ing of ca. 9–10 km.

• Cooling immediately after the initial stage of
decompression and strong crustal uplift were
rapid processes. The rate then slowed down
substantially as indicated by titanite U-Pb ages
of ca. 1860 Ma and rutile ages of ca. 1750 Ma.
During the ca. 110-Ma time interval between
the indicated ages, the average cooling rate was
ca. 2.5°C/Ma, presumably higher in the begin-
ning of the time interval and lower at the end.

• The titanite and rutile U-Pb ages measured in
the present study virtually coincide with the
ages previously obtained in the central Belo-
morian Belt during a much wider regional sur-
vey (Bibikova et al. 2001).

• Differences in titanite and rutile U-Pb ages as
a function of lithological variations seem to be
absent.
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